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The oxidation of adsorbed CO on Pt single crystal electrodes has been studied in alkaline media.
The surfaces used in this study were the Pt(111) electrode and vicinal stepped and kinked surfaces
with (111) terraces. The kinked surfaces have either (110) steps broken by (100) kinks or (100)
steps broken by (110) kinks and different kink densities. The voltammetric profiles for the CO
stripping on those electrodes show peaks corresponding to the oxidation of CO on the (111)
terraces, on the (100) steps/kinks and on the (110) steps/kinks at very distinctive potentials.
Additionally, the stripping voltammograms always present a prewave. The analysis of the results
with the different stepped and kinked surfaces indicates that the presence of the prewave is not
associated with defects or kinks in the electrode surface. Also, the clear separation of the CO
stripping process in different peak contributions indicates that the mobility of CO on the surface
is very low. Using partial CO stripping experiments and studies at different pH, it has been
proposed that the low mobility is a consequence of the negative absolute potential at which the
adlayers are formed in alkaline media. Also, the surface diffusion coefficient for CO in these
media has been estimated from the dependence of the stripping charge of the peaks with the scan
rate of the voltammetry.
1. Introduction
CO adsorption and oxidation on platinum electrodes is one of
the most studied processes in electrochemistry both from the
fundamental and applied point of view. CO is a simple
molecule, which adsorbs strongly on platinum and can be used
to probe and characterize the electronic and electrochemical
properties of the material. For instance, the measurement of the
charge displaced upon CO adsorption on the surface has been
employed to determine the potential of zero total charge of
single crystal electrodes and to estimate the corresponding
potential of zero free charge.1,2 Both parameters are essential for
understanding the electrocatalytic behavior of the electrodes.
From the applied point of view, CO oxidation is also a very
important reaction because CO appears as an impurity in
hydrogen steams produced from reformed hydrocarbons and
also as an intermediate in the oxidation of C1 and C2 molecules,
such as formic acid, methanol or ethanol. Those molecules are
potential fuels for energy production in fuel cell technology.3
Due to the strong adsorption energy on platinum, which stabilizes
adsorbed CO and slows down the kinetics of the stripping
reaction, the direct oxidation of CO takes place at a significant
overpotential. For that reason, a significant number of research
works are devoted to the modification of the electrocatalytic
properties of platinum towards the oxidation of CO.
On platinum electrodes, CO oxidation takes place according
to a Langmuir–Hinshelwood (L–H) mechanism in which
adsorbed OH reacts with adsorbed CO to yield the final
product.4–6 In acid media, the voltammogram and transients
for the oxidation of adsorbed CO can be fitted with a mean-field
L–H equation. This model assumes a random distribution of
the adsorbed OH and CO species. To reach such a distribution,7
the mobility of CO (or OH) on the surface must be much larger
than the reaction rate, so that, an effective homogeneous
distribution of the species can be obtained. As a consequence,
CO oxidation takes place in a single peak on Pt(111) and
vicinal stepped surfaces.8–10 On the other hand, the behavior
in basic media is different, as has been shown recently. The CO
stripping voltammogram in alkaline media shows different
peaks that can be ascribed to the oxidation of CO on different
surface sites.11–13 In order to explain the appearance of
different peaks, the CO surface diffusion rate on the surface
in alkaline media should be very slow in comparison with the
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reaction rate, and much slower than that in acid media.
Another important difference in basic media with respect to
acid media is the presence of an important prewave for all the
surfaces. The presence of such a large prewave has been
associated with the existence of defects or kinks on the surfaces
in which CO oxidizes at lower potentials.13
In this manuscript, we will try to gain insight into the role of the
different surface sites in the CO oxidation process in alkaline media,
focusing on the nature of the prewave and also on the mobility of
CO on the surface. Kinked platinum surfaces will be used to verify
the role of kinks (or defects) in the main features of the prewave.
These results, in combination with experiments carried out at
different pHs, will serve to elucidate the reasons of the apparent
low mobility of adsorbed CO in alkaline solutions and also to
estimate the surface diffusion coefficient of adsorbed CO.
2. Experimental
Platinum single crystal electrodes were made from platinum
beads, obtained by fusion and subsequent slow crystallization
of a 99.999% platinum wire. After careful cooling, the
resulting single crystal beads were oriented, cut and polished
following the procedure described in ref. 14. Single crystal
electrodes will be named using both Miller indices and a
modification of the terrace–step–kink notation developed by
Somorjai and colleagues,15,16 which facilitates the identification
of the surface structure of the electrode. Prior to each experiment,
the single crystal electrodes were flame-annealed, cooled down in
a H2 + Ar atmosphere and quenched with ultra-pure water. It
has been demonstrated that this preparation method leads to
surfaces with a topography very close to the nominal surface
structure in all cases.17–20 Single crystal electrodes have been
characterized by cyclic voltammetry.
Experiments were carried out at room temperature, 22 1C,
in classical two-compartment electrochemical cells, including a
platinum counter-electrode and a reversible hydrogen (N50)
electrode (RHE) as reference. Solutions were prepared from
NaOH (Aldrich, 99.998%) and ultrapure water from Elga,
and were de-oxygenated using Argon (Air Liquide, N50). CO
saturated solutions were prepared using CO (Air Liquide, N48).
The cleanliness of the solutions was tested by the stability of the
characteristic voltammetric features of well-defined Pt(111)
electrodes in 0.1 M NaOH.
3. Results
The voltammetry for CO oxidation on platinum electrodes in
alkaline media is much more complex than that obtained in
acid media. Whereas a single peak is observed for all the single
crystal electrodes in acid media at full coverage independently
of the scan rate8–10,21 (except for the appearance of occasional
prewaves22,23) multiple peaks are easily observed in alkaline
media.11–13 These multiple peaks have been associated with the
oxidation of CO on specific surface sites, assigning each peak
to the oxidation of CO on a different surface site. These
differences between alkaline and acid media have been linked
to differences in mobility of adsorbed CO on the surface. Thus,
it has been proposed that the mobility in acid media is much
higher than that measured in alkaline media. In acid media, a
high mobility assures that the adsorbed CO is always oxidized
at the most active sites, resulting in a single stripping peak.
This is not the case in alkaline solutions, since several peaks at
different potentials are found for the oxidation of CO.
Another important difference is the appearance of a significant
prewave in alkaline media, which was attributed to the
presence of kinks on the electrode surface.13
As aforementioned the aim of this paper is to understand
the underlying cause of the different behavior of CO oxidation
in alkaline and acid media. For that reason, stepped and
kinked surfaces will be used because they have several types
of sites on the surface. The amount and distances between the
different sites can be controlled through the crystal orientation,
so that a very well-defined surface structure is always used for
the experiments. This well-controlled surface structure is crucial
for obtaining a comprehensive knowledge on the behavior of
adsorbed CO in alkaline media, especially when dealing with
the effects of the mobility of CO on the voltammetry.
3.1 Understanding the voltammogram of the CO stripping
process on platinum surfaces in alkaline media
If the effects of CO diffusion on the surface in the voltammogram
have to be understood, the first step is to assign the different
peaks appearing in the stripping voltammogram to the different
sites present in the surface. Fig. 1 shows the oxidation of
pre-adsorbed CO on the Pt(875) electrode. This electrode can
be described as the combination of 5 atom-wide terraces with
(111) symmetry separated by monoatomic steps with (110)
symmetry in which there is a kink with (100) symmetry every
three step atoms. For that reason, this electrode can be named as
Pt(s)-[5(111)  3(110)  (100)] according to the Lang–Joyner–
Somorjai notation.15,16 As can be seen, there are three major
peaks at 0.585, 0.700 and 0.780 V and a prewave centered
around 0.50 V in the CO stripping voltammogram. The
comparison of this voltammogram with those of the Pt(111)
basal plane (Fig. 2) and two stepped surfaces Pt(554)  Pt(s)-
[9(111)  (110)] and Pt(544) Pt(s)-[9(111)  (100)] with (110)
and (100) steps (Fig. 1), respectively, allows the assignment of the
different peaks to the different sites present on the surface.11–13
Thus, the peak at 0.78 V corresponds to the oxidation of CO on
the (111) terrace sites, since the peak potential corresponds to
that observed for the CO stripping on the Pt(111) electrode.
The step surfaces show two main peaks, one at 0.78 V
corresponding to the CO oxidation on the (111) terraces and
one at 0.58 V for the oxidation on the (110) step sites on the
Pt(554) electrode or at 0.70 V for the (100) step sites on the
Pt(544) electrode. Thus, it is clear that the other two peaks
observed for the Pt(875) surface can be ascribed to the CO
oxidation processes on the (100) kink sites (peak at 0.700 V)
and (110) steps (peak at 0.585 V). The Pt(111) electrode also
shows some peaks at ca. 0.6 V. Those peaks correspond to the
CO oxidation on the defects present on the surface.
The correspondence of those peaks with the terraces, steps
and kinks is very clear since the charge under the CO oxidation
peaks depends on the terrace length, step density and kink
density, respectively. This effect can be demonstrated by using
kinked and stepped surfaces with different amounts of step
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adsorbed CO has been compared for 5 surfaces having 4–5
atom-wide (111) terraces and different step symmetries and
kink densities. These surfaces are two stepped surfaces with
different step symmetries:
Pt(553)  Pt(s)-[4(111)  (110)],
Pt(533)  Pt(s)-[4(111)  (100)]
and three kinked surfaces:
Pt(875)  Pt(s)-[5(111)  3(110)  (100)],
Pt(11,9,7)  Pt(s)-[5(111)  2(110)  (100)]  Pt(s)-[5(111) 
2(100)  (110)],
Pt(17,13,11)  Pt(s)-[5(111)  3(100)  (110)].
As expected, the relative intensity of the peaks at
0.54–0.58 V is proportional to the number of (110) sites
present in the sample, having the maximum charge for the
Pt(553) surface and being absent for the Pt(533) electrode. It
should be noted that the peak potential for this process is
slightly dependent on the kink density of the step, with the
lowest potential measured for the Pt(553) surface, whose step
should be composed ideally only of an infinite series of (110)
sites. Nevertheless, the differences in peak potential are small.
The peak for the (100) step/kink sites at 0.7 V follows the
opposite evolution: it is absent from the stripping profile of
the Pt(553) surface and comprises the highest charge for the
Pt(533) surface. The kinked surfaces display an intermediate
behavior between these two surfaces in agreement with the
Fig. 1 Voltammetric profiles for CO stripping on the Pt(875),
Pt(544) and Pt(554) electrodes and the subsequent blank profiles in
0.1 M NaOH. Scan rate: 50 mV s1.
Fig. 2 Voltammetric profile for a CO stripping on the Pt(111)
electrode and the subsequent blank profile in 0.1 M NaOH. Scan rate:
50 mV s1.
Fig. 3 Voltammetric profiles for CO stripping experiments on differ-
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amount of sites of each type present on the surface. Additionally,
the peak for the CO oxidation on the (111) terraces is almost
constant for all the surfaces at this sweep rate. These results
confirm the assignment of the major peaks to the different
surface sites. Also, the appearance of different peaks for the
different surface sites demonstrates that they have a different
reactivity towards CO oxidation and that the mobility of CO
on the surface is low in alkaline media.
It should be noted that even good quality Pt(111) electrodes
show a voltammetric profile in which the main peak has a
preceding broad shoulder with a complicated structure in spite
of the absence of defect contributions in the blank voltammogram
(Fig. 2). This broad shoulder between 0.55–0.70 V is the
consequence of the presence of defects with different symmetries
on the electrode surface, which oxidize CO on the surface at a
characteristic potential, resulting in a variety of oxidation
energies. In fact, it has been shown that this region is very
dependent on the previous history of the electrode.24 As can be
seen, the broad shoulder contains contributions from (110)
and (100) defect sites at ca. 0.58 and 0.70 V. Additionally, a
prewave is also observed at lower potentials.
3.2 Origin of the prewave
The different signals appearing between 0.58–0.80 V can be
easily assigned to the presence of different sites on the surface.
However, in all the stripping voltammetry curves presented here
there is an additional peak/wave at low potentials (ca. 0.4 V),
normally called the prewave. The prewave appears in basal
planes and stepped surfaces and its origin has been attributed
to the presence of kinks (or defects) in the surface.11,13 When
the prewave for the different kinked/stepped surfaces is compared,
the differences in the charge and shape of the prewave can be
considered negligible, that is, the prewave shows no dependence
on the nature and density of step and kink sites. The small
changes that can be observed in Fig. 3 are more related to the
small irreproducibility of the individual experiments than to
differences in the surface structure. This fact means that the
prewave is not directly associated with the presence of kinks in
the surface and it is observed in all cases equally.
The nature of the prewave has been studied in acid media by
different groups.22,23,25–27 The prewave has been described for
all the electrodes, Pt(111), Pt(110), Pt(100) and polycrystalline
Pt electrodes,22 showing similar characteristics for all of them.
Its presence depends on the adsorption potential; i.e., it is
normally obtained when the adsorption potential lies in the
hydrogen adsorption region23,26,27 and may depend on other
experimental variables such as the surface quality of the
electrode. It has always been attributed to the oxidation of a
compressed layer of CO in which the oxidation nucleates on
the step or defect sites. For that reason, it is always absent
when the CO coverage has not reached a saturation value. In
the case of the Pt(111) electrode, the presence of compressed
layers is well reported. For CO saturated solutions, the structure
of the CO adlayer with the highest coverage (yCO = 0.75) is the
(2  2)-3 CO structure.28,29 This surface structure can be also
obtained for very ordered Pt(111) electrodes in the absence of
CO using forced adsorption conditions,30,31 although it is
probably unstable.32 The transition to the most stable adlayer
structure in the absence of CO (the (O19  O19)-13 CO
structure, yCO = 0.68
28,29,33–38) takes place at ca. 0.5 V, giving
rise to the appearance of a prewave, whose charge (38 mC cm2)
is in good agreement with the changes in coverage between
both structures.30,31 The transition between both structures is
very dependent on the step density and nature of the step, but
as a general trend, the stability of the (2  2)-3 CO diminishes
as the step density increases.31
These CO structures have been also observed in basic media.25,39
The only quantitative difference is that the (2  2) formed in the
presence of CO in solution evolves to the (O19  O19)R23.41
structure at lower potentials (in the RHE scale) in basic media
coinciding with the appearance of the prewave.25 Although
detailed structural information on the CO adlayer is not
available for the stepped electrodes (ordered adlayers have
not been identified), the presence of the prewave has been
always associated with a higher CO coverage.23,26,27 It must be
stressed that the charge associated with this prewave in alkaline
media is high, ca. 100–120 mC cm2 for all the electrodes
examined in this work, which represents a much larger coverage
change than that reported in acid media. For the Pt(111)
electrode, the charge measured in the prewave region represents
a CO coverage change of ca. 0.2, much larger than that
expected from the transition from the (2  2)-3 CO to the
(O19  O19)R23.41.
Although the origin of the prewave in acid media could be
linked to the presence of defects in the surface, this is not the
case in alkaline media. As shown in Fig. 3, the prewave does
not depend on the kink density. In fact, it appears for the
kinked surfaces at the same potentials as those measured for
the Pt(111) electrode. Additionally, CO oxidation on the different
sites on the surface occurs at a distinct potential which allows
assigning them to a specific surface site. The prewave always
appears at potentials below these contributions, and for that
reason, it cannot be attributed to the specific oxidation of CO
in any of these sites. However, in all cases, the prewave implies
the oxidation of CO molecules, which means that the CO
coverage after the prewave is lower than the initial one, i.e.,
that corresponding to the saturated surface.
In acid media, it has been reported that there is a relatively
wide range of CO coverage values (between 0.5–0.75) for
which the surface is completely blocked, that is, for which
hydrogen adsorption has been fully suppressed.28 In order to
check whether CO still completely suppresses hydrogen adsorption
after the oxidation of the prewave, and therefore, the prewave
corresponds to the transition from compressed to more open
structures, partial CO stripping experiments were conducted
(Fig. 4). As can be seen, if the scan is reversed immediately
after the prewave, no adsorption states are recorded in the
hydrogen region. The small currents observed in the lower
scan limit can be attributed to hydrogen evolution/reduction.
This means that the prewave corresponds to a transition
between two adsorbed CO adlayers, which completely block
the surface. These two structures can exist independently of the
surface geometry, that is, the existence of highly compressed
CO structures is a characteristic of the CO layers formed in
basic media, and the elimination of the extra CO molecules in
the compressed structures gives rise to the prewave. However,
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the presence of surface defects, since the process, as shown in
Fig. 3, is not dependent on the step symmetry or kink density.
As aforementioned, the presence of the prewave in acid
media is very dependent on the CO dosing potential, and it is
only observed when the adsorption potential is in the hydrogen
region. For the experiments in alkaline media, the absolute
potential at which the adlayer has been formed is much more
negative than that in acid media.23,26,27 This can result in
different adlayer properties depending on the pH. In fact, it
has been shown that when a CO adlayer formed in NaOH
media on a Pt(111) electrode is transferred to a sulfuric acid
solution and the adlayer is stripped, the prewave appears at lower
potentials and comprises higher charge than that recorded when
the CO adlayer has been formed in sulfuric acid solutions.40 This
experiment suggests that some intrinsic property of the adlayer
is at the origin of the presence of the prewave in the stripping
process, and this characteristic depends on the electrode
potential. Wieckowski et al.40 assigned the appearance of the
prewave to the coadsorption of some OH anions over the CO
adlayer. On the other hand, it has been proposed that the
adlayer formed in acid media in the hydrogen region has more
defects than that formed at 0.3–0.4 V, and therefore, the initial
stages of the oxidation are facilitated by the presence of those
defects.27 Those defects cannot be the intrinsic defects of the
electrode surface, since a given electrode has always the same
amount of defects. If that had been the case, the presence of steps
or kinks would have been a determining factor in the stripping
potential and charge of the prewave. Therefore, the defects
should be within the CO layer and not related to the presence
of defects in the underlying surface structure. This fact
suggests that the number of defects in the adlayer increases
as the absolute potential for CO dosing is made more negative.
The higher number of defects for the CO adlayer as the
potential is made more negative can be linked to the low
mobility of CO in alkaline media.11,12 In the formation of the
CO adlayer, it can be accepted that CO is initially adsorbed at
random sites. As the adsorption proceeds, the CO molecules
adsorbing close to previously adsorbed CO molecules form
short range ordered structures. When the mobility of CO is
large, those short-range ordered structures, which belong to
different rotational and translational domains, coalesce in the
final stages of the process to form a long range ordered surface
structure. However, when the mobility is low, as has been
proposed for alkaline media, the reorganization of the adlayer
is not possible and numerous defects are present in the adlayer in
the regions between the different rotational and translational
domains. Thus, the low mobility of the CO in alkaline media can
be the cause of the appearance of a large prewave at low potentials.
The appearance of the different peaks and the presence of a
well-defined prewave at low potentials have been related to the
low mobility of CO on the surface in alkaline media. An
additional proof of the low mobility of the CO can be
observed in Fig. 4, where a partial CO stripping experiment
is shown. In this partial CO stripping process, the potential
and charge under each peak are the same as those measured in
the voltammogram shown in Fig. 1, where the CO is stripped
in a single scan to the upper potential limit. As can be seen, if
the scan is reversed after the peak at 0.58 V, no peak is present
in the next scan in the same potential window. This fact
indicates that no CO molecules have moved to the (110) sites
(or close enough) during this cycle. If CO had high mobility on
the surface, a peak at 0.58 V would have been observed in the
next scan. This peak would correspond to the CO molecules
that had diffused over the surface to a (110) site. Thus, only the
CO molecules close to the sites where the OH is generated
(i.e., step, kink or terrace sites) are oxidized during the course
of the experiment. This implies that only the CO located at a
short distance from the (110) step or kink are able to diffuse
and are oxidized in the peak at 0.58 V. The rest of the molecules
are oxidized at different potentials according to the closest site
in which the OH is generated. Thus, a relationship between the
oxidation charge of the peak and the step and kink densities
can be established. It should also be stressed that the charge
for the oxidation of CO in the terrace sites for the surfaces in
Fig. 3 is very similar in all cases, which supports the previous
hypothesis. The CO molecules that react at 0.780 V correspond
to those oxidized with OH nucleated on the terrace, since they
are far from a step or kink site. Since the terrace width is
comparable, the number of molecules far from the step or kink
sites is similar and the charge for the CO oxidation under the
peak at 0.780 V is very close.
3.3 Origin of the low mobility in alkaline media
From the analysis of the chronoamperometric transients for
CO oxidation in basic media, it has been proposed that the
oxidation mechanism follows a L–H mean field mechanism,
which implies that CO mobility on the surface is fast.12 The
transients for alkaline media contain an initial exponential
decay superimposed with a bell-shaped signal and a tailing at
the end of the process (Fig. 5). In acid media, transients have a
similar shape, but without tailing, and a very good fitting is
obtained for the whole signal with the mean field L–H
mechanism.5,6,21 Additionally, the charge and shape of the
transient are independent of the potential.5,6,21 Unlike the
results in acid media, the tailing at large times, which implies
that the process is getting slower at the last stages (Fig. 5A),
causes much poorer fittings with the mean field L–H kinetics.
Moreover, as shown in Fig. 5A for normalized transients, the
shape and charge below the bell shaped curve depend on
the potential, which suggests that there are at least two steps
in the oxidation kinetics and these steps have different potential
dependence (i.e., different Tafel slopes). The L–H kinetics are
Fig. 4 (A) Partial CO stripping experiment for the Pt(875) electrode
at 20 mV s1. (---) 1st scan up to 0.50 V; (  ) 2nd scan up to 0.60 V;
(--) 3rd scan up to 0.75 V; (—) final scan up to 0.9 V. (B) Enlargement
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proposed because the fittings with nucleation and growth
(N&G) models are worse.
The presence of tailing at large times is normally associated
with anisotropic effects on the oxidation process.41 For the
stepped surfaces, the anisotropy is clear, since the steps are a
‘‘barrier’’ that limits the diffusion (in the case of mean field
L–H kinetics) or growth of the CO-free domains (for the N&G
kinetics). For N&G models, the anisotropic effects can be
introduced into the model using the impinging parameter.41
Thus, a transient composed of an initial exponential decay
superimposed with a progressive N&Gmodel with an impinging
parameter can be described as:






where Z is the impinging parameter, k1 and k2 are the parameters
for the initial exponential decay process and k3 and k4 are the
parameters for the progressive N&G process. Although the
physical meaning of the impinging parameter is not very well








When compared to the mean field L–H equation used to fit
the transients:12




the model with the impinging parameter contains the same
number of parameters: 5. As can be seen in Fig. 5B, the best
fitting is obtained with the progressive N&G model with the
impinging parameter, which suggests that the diffusion on the
surface is slow. The fittings with the progressive N&G model
are consistently better for all the stepped and kinked surfaces
than those with the L–H model. It should be mentioned that
the tailing is also evident even for the transients obtained on
the Pt(111) electrode at low potentials,12 which is probably
related to a non-homogeneous distribution of defects on the
surface.
Additionally, the proposed effects of carbonate on the slow
diffusion do not fit with the results presented here. It has been
proposed that carbonate anions formed after CO oxidation
could be adsorbed on the steps and block the diffusion of CO
and its reaction with OH adsorbed on the steps.39 The
previous experiment with the partial CO oxidation can shed
light into this problem (Fig. 4). If carbonate were adsorbed
when CO is oxidized at 0.5 V, it should be desorbed upon scan
reversal in the hydrogen region and diffuse to the solution,
since the pztc lies at higher potential values.42 It should be
stressed that carbonate adsorption is very weak in 0.1 M
NaOH.43 Thus, when the scan is reversed again and hydrogen
is adsorbed, the local concentration of carbonate in the
vicinity of the electrode surface should be very low and no
carbonate should be readsorbed. If carbonate anions were
responsible for the low mobility of CO, the absence of
carbonate in the surface after adsorption of hydrogen at low
potentials should lead to a reorganization of the remaining CO
adlayer, and the peak at 0.58 V should be visible again.
However, the peak is completely absent from the surface,
implying that the low mobility is an intrinsic property not
associated with a possible adsorption of carbonate. In contrast,
only one peak is observed in the CO stripping process from
stepped surfaces in 0.5 M H2SO4
6,9 or in ruthenium decorated
Pt(111) surfaces,44 which indicates that mobility of CO is
much higher in these cases, since all the CO molecules are
oxidized in the most catalytically active sites, independently of
the distance.
Measurements carried out at different pHs also indicate that
carbonate adsorption is not involved in the low mobility of the
CO on the surface. Fig. 6 shows the evolution of the peak
potentials for the different surfaces at different pHs. The
separation of the different peaks depends on the nature of
the step/kink site and also on the terrace width. However, it
Fig. 5 (A) Normalized transients for CO oxidation obtained on the
Pt(553) electrode at different potentials in 0.1 M NaOH. (B) Fittings
obtained with the different models for the CO oxidation at 0.60 V on
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can be seen that for the surfaces with (110) steps, two peaks are
already well resolved at pH above 5.1. At that pH, the main
product of CO oxidation is still CO2, and the amount of
carbonate in solution can be considered negligible. Thus,
carbonate adsorption cannot be the cause of the low mobility
of CO. It should be highlighted that the splitting of the main
peak into two peaks, one for the (100) steps and one for the
(111) terrace, is observed at much higher pHs than those for
the splitting between (110) steps and (111) terraces (Fig. 6). It
appears that the resolution of the oxidation peak into two peaks
depends on the potential difference between the processes. In
this case, (100) steps/kinks are less active than (110) steps/
kinks (the oxidation of CO occurs at higher potentials for
those sites) and, thus, the peak for the (100) steps is very close
to that for the (111) terraces. It should be also mentioned that
the peak separation increases with pH. Thus, it can be
proposed that at pH = 5, the separation between the peaks
associated with the (111) terrace sites and (100) steps/kinks is
so small that the resolution into two peaks is not possible.
The low mobility of CO in neutral and alkaline media
should then have another explanation, different from that
linked to a possible carbonate adsorption. When the mobility
of adatoms and molecules on surfaces was studied under
electrochemical conditions, it was shown that their mobility
on the surface depends on the electrode potential, as shown in
ref. 45 for Cu atoms on copper surfaces. In general, the
mobility of the species adsorbed on the surface diminishes as
the potential is made more negative, and this effect has been
demonstrated for copper atoms. CO oxidation takes place in a
similar potential window in the RHE scale, which means that
in the absolute scale (SHE), CO oxidation moves towards
negative potentials as the pH increases. Thus, the reduced
mobility of CO can be explained because the process in
alkaline media is taking place at lower absolute potentials
than that in acid media, which in turn implies that the
electrode charge is more negative.
Some additional data on this issue can be obtained from the
comparison between CO adsorption in UHV and electrochemical
environments. The first difference between both environments is
that CO coverages are larger in aqueous media.46 Also, CO
stretching frequencies in aqueous solutions are lower than in
UHV. Using the dependence of the CO stretching frequency
on the electrode potential, the potential of zero charge for the
CO covered platinum electrode was estimated around 1 V vs.
SHE.47 This means that charge of the electrode when CO is
present on the surface is always negative, and this negative
charge is responsible for the extra stabilization energy of the
adsorbed CO molecules in electrochemical environments,
which leads to higher CO coverages. In alkaline media, the
potential at which CO adlayers are formed is significantly
more negative than in acid media (ca. 0.71 V more negative in
0.1 M NaOH than in 0.1 M H2SO4), which implies an
additional stabilization energy for the adsorbed CO. The
negative charge in the electrode leads to an increase in the
back-donation in the Pt–CO bond, which in turn results in a
stronger Pt–CO bond, as DFT calculations have shown.48–50
This stronger Pt–CO bond could reduce the mobility of CO
on the surface, resulting in a different behavior of the adlayer in
alkaline media when compared to acid media. Also, mobility on
the surface depends strongly on the corrugation of the potential
energy surface. A small corrugation of the surface energy leads
normally to fast diffusion. It has been theoretically shown that
corrugation depends on the applied field, that is, on the
electrode potential,51 which also suggests that the electrode
potential plays a significant role in the surface diffusion
process.
3.4 Estimation of the surface diffusion coefficient for CO
Once the low mobility of CO on the surface has been established,
the surface diffusion coefficient for CO will be estimated. For
that, CO tripping voltammograms for the Pt(553) electrode at
different scan rates will be used. As shown in Fig. 7, the CO
stripping voltammogram for this electrode presents two peaks,
and the charge and position of the peaks are dependent on the
scan rate. For this electrode, the charge for the peak associated
with the oxidation of CO on the (110) step diminishes as the
scan rate increases in parallel to the increase of the charge for
the CO oxidation on the terraces. This phenomenon can be
explained as follows: if the mobility of CO is zero, only the
molecules adsorbed on the step sites can be oxidized in this
peak. When the diffusion rate is slow, some of the CO
molecules close to the step (but not on the step) can also
diffuse to these sites and get oxidized during the time in which
the voltammetric peak appears. Thus, depending on the time
window of the experiment, that is, on the scan rate, the charge
of the peak should change. In general, a diminution of the
charge with the scan rate is expected for the peak corresponding
to the (110) sites, as can be seen in Fig. 8. In this figure, the
charge density for this peak is plotted vs. the square root of the
scan rate. The diffusion coefficient of the CO molecules on this
electrode surface can be estimated from the changes with the
Fig. 6 Peak potential for the stripping peaks as a function of the pH
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scan rate. Two different methods will be used to prove the
validity of the assumptions made in the two methods.
As shown in Fig. 8, the charge measured is almost constant
for fast scan rates and stands for ca. 134 mC cm2, without
special double layer correction.52 This fact means that the scan
rate for those experiments is faster than the mean diffusion
time for CO on the surface so that only the CO adsorbed on
the step is oxidized and no other molecule situated in a
neighboring site to the step has enough time to diffuse to the
step site. Thus, this charge should correspond to the charge for
the oxidation of the CO on the step. For the step sites, the
hydrogen adsorption charge measured in the voltammogram
for the peak of the (110) step in the blank voltammogram is ca.
65 mC cm2, in good agreement with that predicted from the
hard sphere model.53 Accordingly, the apparent number of
electrons transferred per step site for the oxidation of CO is
ca. 2, since the CO stripping charge corresponding to the step
is double the hydrogen adsorption charge on the step. This
fact means that CO is adsorbed on the step as atop CO, in
agreement with previous FTIR studies.54 When the scan rate is
lower than 50 mV s1, the charge for the oxidation of CO in
the peak corresponding to the (110) step sites increases,
indicating that some molecules adsorbed in sites close to the
step have been able to diffuse to the step and are oxidized
together with those adsorbed on the step.
The first method to estimate the diffusion coefficient will use
the data obtained for the points for which the charge of the
peak at 0.58 V is constant. If the charge is constant, it means
that the mean square displacement of a CO molecule on the
surface during the time window of the experiment is smaller
than the Pt–Pt distance, so that no molecule is able to diffuse
and get oxidized on that peak. The mean square displacement






where D is the diffusion coefficient. For scan rates higher than
50 mV s1, hDx2i1/2 should be smaller than the Pt–Pt distance,
since the CO molecule has not been able to diffuse to the next
site. For v = 50 mV s1, it can be considered that hDx2i1/2 is
equal to the Pt–Pt row distance on the terrace, 240 pm, since
the peak charge increases from that scan rate. This means that for
lower scan rates some molecules can diffuse from neighboring
sites and reach the step site to be oxidized during the time
window of the experiments. Consequently, the sampling time





where DE is the peak width (50 mV in this case). Thus:
hDx2i ¼ 2Dt ¼ 2DDE
v




Substituting the different values a diffusion rate constant of
2.9  1020 m2 s1 is obtained.
The second method to estimate the diffusion coefficient will
use the changes in the charge density for the peak at 0.58 V at
low scan rates. Under those circumstances, CO is slowly
diffusing to the step site in a 2D diffusion event. Since the
charge increase is small, the situation can be assimilated to the
3D diffusion conditions where there is a plane (the electrode
surface) in which any molecule diffusing to that plane is
immediately transformed so that the concentration of the
reacting species at that plane is always 0. This situation






where A is the area of the plane (electrode) to which the
molecules are diffusing and the rest of the variables have the
usual meaning. This equation can be easily adapted to 2D
diffusion conditions by changing the volume concentration, c,
Fig. 7 Evolution of the voltammetric profiles for CO stripping
experiments on the Pt(553) electrode with the scan rate.
Fig. 8 Integrated charge for the peak associated with the (110) step
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to surface concentration,G, and the area of the plane to the length

















In this case, L is the total length of the steps present on the
surface. It can be easily demonstrated that the area of the
electrode, A, is equal to the total length of the steps, L, times








By using the relationship between the time and the peak width
used in eqn (5), the final relationship of the charge density as a







The charge density, qdiff, of this equation is the charge associated
with the diffusing CO, that is, the charge under the peak at 0.58 V
minus the charge corresponding to the oxidation of CO adsorbed
on the step site. Assuming that CO adsorbs on the step as atop
CO,54 the theoretical charge for the oxidation of the CO mole-
cules adsorbed on the step should amount for 130 mC cm2.
According to eqn (11), qdiff should be proportional to v
1/2. As
can be seen in Fig. 9, there is a linear relationship between qdiff
and v1/2. From the slope of this plot,m, which is equal to 4.47





For the present conditions, d is 2.24 nm, the CO surface concen-
tration, G, on the terrace can be estimated close to 7.5  1014
molecules cm2 (which corresponds to a surface coverage on the
terrace of 0.5) and DE is equal to 0.05 V, as before. Substituting
those values a diffusion coefficient of 2.7  1020 m2 s1 is
obtained. This value is, within the experimental error, the same
diffusion coefficient as obtained previously.
In both cases, the method assumes that the CO on the step is
completely oxidized first and only then the diffusion event
takes place. However, both events take place simultaneously,
and for that reason, the value of DE is overestimated.
However, since the dependence of the diffusion coefficient on
DE is the same for both methods, both values of D are affected
by the same error. The good agreement between both values,
which have been obtained with different sets of data, assures
that both methods can be used to estimate the diffusion
coefficient. When compared to previous data, these values are
significantly smaller than those obtained in acid media. For
nanoparticles a value around 1.5 1016 to 3.36 1017 m2 s1
has been estimated using NMR.55,56 For single crystal electrodes
different values have been proposed:41015 m2 s1 in ref. 6 and
1016–1017 m2 s1 in ref. 57. All these values are higher than
those obtained here, since the mobility of CO in acid media is
significantly larger. The only value that is within the same order
of magnitude is that obtained for Ru decorated stepped surfaces
(3.36 1017 m2 s1),19 but in this case, the mobility of COmay
be affected by the presence of ruthenium.
4. Conclusions
The results presented here demonstrate that the splitting of the
CO stripping process in different peaks is due to the low
diffusion rate of CO on the surface in alkaline media. From
the comparison between the different electrodes and media, it
can be concluded that the low mobility is a consequence of the
low absolute potential at which the adsorption and oxidation
processes take place. The low mobility also results in CO
adlayers with a number of defects larger than those formed in
acid media. When the mobility is low, the coalescence of the
different rotational and translational domains formed in the
initial stages of the CO adsorption process is not straightforward,
and the final result is that the CO adlayer has a significant
number of defects in the borders of the different domains.
These adlayers with a significant number of defects give rise to
the presence of large prewaves in the stripping voltammograms.
Finally, the diffusion rate of CO on a stepped surface has been
estimated. The obtained values are significantly smaller than
those measured under acidic conditions.
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Fig. 9 qdiff for the peak associated with the (110) step sites estimated
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